Tetraspanins co-emerged with multi-cellular organisms during evolution are typically localized at the cell-cell interface, and form tetraspanin-enriched microdomains (TEMs) by associating with each other and other membrane molecules. Tetraspanins affect various biological functions, but how tetraspanins engage in multi-faceted functions at the cellular level is largely unknown. When cells interact, the membrane microextrusions at the cell-cell interfaces form dynamic, digit-like structures between cells, which we term digitation junctions (DJs). We found that (1) tetraspanins CD9, CD81, and CD82 and (2) TEM-associated molecules integrin α3β1, CD44, EWI2/PGRL, and PI-4P are present in DJs of epithelial, endothelial, and cancer cells. Tetraspanins and their associated molecules also regulate the formation and development of DJs. Moreover, (1) actin cytoskeleton, RhoA, and actomyosin activities and (2) growth factor receptor-Src-MAP kinase signaling, but not PI-3 kinase, regulate DJs. Finally, we showed that DJs consist of various forms in different cells. Thus, DJs are common, interactive structures between cells, and likely affect cell adhesion, migration, and communication. TEMs probably modulate various cell functions through DJs. Our findings highlight that DJ morphogenesis reflects the transition between cell-matrix adhesion and cell-cell adhesion and involves both cell-cell and cell-matrix adhesion molecules.
Introduction
The superfamily of tetraspanins encompasses the type III proteins containing four transmembrane domains, a fully conserved CCG motif in the large extracellular loop, and three largely conserved membrane-embedded polar residues [1] [2] [3] [4] [5] [6] . Tetraspanins are considered as molecular facilitators or scaffold proteins by modulating the activities of their associated molecules [3] [4] [5] [6] . Tetraspanins engage various cellular functions [1] [2] [3] [4] [5] [6] . Many of these functions are attributed to the interactions between cell membranes. For example, tetraspanins regulate cell-cell adhesion, cell-cell fusion, and pathogen-cell interaction [1] [2] [3] [4] [5] [6] , all of which involve the direct contact between cell membranes. Tetraspanins also regulate cell migration and cell proliferation, both of which can also be altered by the interactions between cell membranes. Evolutionarily, tetraspanins are found only in multi-cellular organisms [7, 8] . Moreover, tetraspanins are typically expressed at the cell surface and physically associate with cell-cell adhesion molecules, such as IgSF proteins [1] [2] [3] [4] [5] [6] . Hence, tetraspanins likely modulate intercellular interactions.
In eukaryotes, cell-cell interaction leads to the formation of cell junctions, such as tight and septate junctions, adherens junctions, gap and plasmodesmata junctions, and desmosomes. Recent studies revealed that, when cells come in contact with each other, they generate membrane tubular structures (memtubs) or microextrusions to form adhesion zippers [9] [10] [11] [12] [13] [14] [15] . We demonstrated that tetraspanins regulate the morphogenesis of microextrusions [14, 15] . Adhesion zippers or digitation junctions (DJs) can form when microextrusions are positioned between cells. Earlier studies reported that tetraspanins CD9, CD81, and CD151 are localized in the adhesion zippers of NIH3T3 murine fibroblast cells, Du145 human metastatic prostate cancer cells, and immortalized human microvascular endothelial cells (HMECs) [12] [13] [14] 16] . In addition, CD151 overexpression or silencing and CD9 antibody (Ab) treatment regulate the adhesion zipper morphogenesis in epithelial, epithelial-like, and immortalized endothelial cells [12, 13, 16, 17] .
Because the fundamental mechanism by which tetraspanins engage various cellular functions is unclear, we predict that modulating the memtubs or microextrusions between cells, which we designate as DJ, is an important and common cellular mechanism for tetraspanins. We herein explored the mechanistic roles of tetraspanin-enriched microdomains (TEMs), i.e., tetraspanins and tetraspaninassociated molecules, in regulating DJ morphogenesis. We concluded that TEMs modulate not only cell-cell adhesion, but also cell-cell communication, through DJs.
Results

Presence of tetraspanins and their associated cell adhesion proteins in DJs
We found that tetraspanins are localized at DJs, i.e., the microextrusions formed between cells. As revealed by confocal microscopy, CD82 proteins were present in the DJs of Du145 cells with forced expression of CD82 (Fig. 1a , left panel). Du145 cells do not express endogenous CD82 [18] . Arrows indicate examples of DJs. Total internal reflection fluorescence (TIRF) microscopy revealed the presence of CD82 in the basal DJs of CD82 transfected Du145 cells (middle panel). CD82 proteins were also found in the DJs of MDCK epithelial cells that express GFP-CD82 (Fig. 1a , right panel, arrowheads). Together with our earlier observations that CD9 and CD81 are present at DJs of NIH3T3 cells and Du145 cells, respectively [14] , we conclude that tetraspanin involvement in DJ morphogenesis is likely to be a general mechanism for tetraspanins to modulate cell-cell interactions. Consistent with this notion, CD9 proteins are also localized in the DJ formed between active platelets in platelet aggregates (Dr. Lisa Jennings, personal communication).
We then analyzed tetraspanin-associated proteins. Integrin α3β1 is a major integrin in TEMs [5] . Using TIRF microscopy, we found that integrin α3β1 proteins were localized at the DJs formed at/near the cell-substratum interface between HMECs (example indicated by arrowheads, Fig. 1b) , and the seemingly nascent DJs formed between U87 human glioblastoma cells (Fig. 1b) . CD44, another tetraspanin-associated cell adhesion protein, also existed in the possibly nascent DJs formed between PC3 human metastatic prostate cancer cells and U87 cells (Fig. 1c) . These observations indicate that tetraspanins and tetraspanin-associated proteins are present in DJs.
Live imaging analysis on Du145 cells revealed that (1) microextrusions between adjacent cells actively engaged with each other and dynamically formed DJs and (2) DJs constantly underwent reorganization (white sketch boxes and insets, Fig. 1d ). DJs also appeared when two adjacent cells with a close body-body contact became dissociated (red sketch boxes, Fig. 1d) . Based on the different morphologies of microextrusions in DJs, our observations also indicate the existence of different types of DJs and/or DJs at different morphogenic stages (Fig. 1e ). It appears that DJs formed by invasive tumor cells and fibroblasts keep the cells from forming close contacts or do not undergo transformation, while DJs formed by epithelial and endothelial cells can transform or evolve to other cell-cell junctions.
Tetraspanins and their associated cell adhesion proteins regulate DJ formation and development
Our earlier study demonstrated that tetraspanin CD151 is needed for the proper formation and maturation of DJs in HMECs [13] . In the present study, we substantiated our previous finding by showing that CD9 overexpression in HT1080 fibrosarcoma cells promoted DJ formation (Fig. 2a) , while CD82 overexpression inhibited DJ morphogenesis in Du145 cells (Fig. 2b) . Notably, CD9 overexpression reduced the surface level of integrin α3β1 on HT1080 cells (Fig. 2a) and total cellular level of integrin α3β1 from HT1080 cells (our unpublished data), suggesting that integrin α3β1 is not required for DJ formation and implying that CD9 facilitates endosomal trafficking of integrin α3β1 leading to either lysosomal degradation or exosomal release of α3β1. These findings indicate that the regulation of DJ morphogenesis is not attributed to a specific tetraspanin and further suggest that the regulation of DJ morphogenesis is a general property of tetraspanins.
In addition to tetraspanins, we found that EWI2/PGRL, a tetraspanin-associated IgSF protein [19] [20] [21] , also regulates DJ morphogenesis in PC3 cells. As shown in Fig. 2c , CD44 staining revealed significantly less DJ formation in the PC3 cells in which EWI2/PGRL was silenced by siRNA, than in the control cells. This observation shows that tetraspaninassociated proteins could also regulate DJ morphogenesis. Since (1) the morphology of PC3 cells underwent profound changes upon EWI2/PGRL silencing and (2) EWI2/PGRL proteins associate with cytoskeleton linker ERM proteins [22] , fewer DJs in the EWI2/PGRL-silenced group could be an indirect effect, as a result of global cytoskeletal alteration.
How TEMs regulate DJ morphogenesis: the cytoskeletal and signaling factors important for DJs
Because (1) actin cytoskeleton is consistently found in the microextrusions of DJs (Figs. 1, 2 ) and (2) TEMs are linked to actin cytoskeleton [6] , we next systematically determined the roles of all three types of cytoskeletons in DJ morphogenesis. Actin polymerization enhancer jasplakinolide reinforced DJ formation (Fig. 3a) . Actin polymerization inhibitors cytochalasin D and latrunculin B largely disrupted the actin cytoskeleton, but memtubs at cell-cell boundaries were still present but fewer, longer, and irregular (Fig. 3a) . These observations suggest that actin cytoskeleton supports but is not required for DJ formation. Because cytochalasin prevents actin polymerization and latrunculin sequesters monomeric actin, the more severe disruptive effect accompanying treatment with latrunculin B suggests the dynamic turnover of the actin cytoskeleton in DJs or microextrusions. Alternatively, the largely disrupted DJs that are observed upon latrunculin B treatment could result from cell deformation.
DJs formed between Du145 cells contained longer and more microextrusions upon microtubule disruption by nocodazole, but were largely unchanged after microtubule stabilization with paclitaxel (Fig. 3b) . Notably, disruption of microtubules significantly reinforces the actin cytoskeleton. Given that microtubules were not found in microextrusions or DJs (data not shown), the nocodazole effect could be secondary. Disruption of desmin intermediate filaments (IFs) by withaferin A appeared not to inhibit DJs (Fig. 3c) . Rho small GTPases are master regulators of actin cytoskeleton. Thus, we analyzed Rho small GTPase signaling in regulating DJ formation. Cdc42 and Rac1 promote filopodia [23] and lamellipodia [24] , respectively. DJs formation was not altered in the presence of Cdc42 and Rac1 inhibitors ML141 and NSC23766 (Fig. 4a) , but was Tetraspanins and their associated proteins regulate the formation and/or development of DJs. a CD9 promotes DJs. HT1080-Mock and -CD9 transfectant cells were examined for the surface expression levels of CD9, integrin β1, and integrin α3 with flow cytometry as described elsewhere [14] . For immunofluorescence, the cells were cultured on glass coverslips for 2 days, fixed, stained with CD81 mAb, and imaged with fluorescence microscopy. Scale bar 10 µm. DJs were quantified as relative density of the microextrusions within DJs (mean ± SE, n = 3 individual experiments). ***P < 0.001. b CD82 overexpression inhibits the formation of DJs. Du145-Mock and -CD82 stable transfectant cells were cultured on glass coverslips for 2 days, fixed, stained with integrin β1 mAb, and imaged with immunofluorescence microscopy. Scale bar 20 µm. Quantitative analysis of the relative density of microextrusions within DJs (mean ± SE, n = 3 individual experiments). ***P < 0.001. c IgSF protein EWI2/ PGRL silencing inhibits DJ formation. PC3 cells were transfected with control or EWI2/PGRL siRNA, fixed, and incubated sequentially with CD44 mAb and secondary Ab. The images were acquired with confocal microscopy. Scale bar 10 μm. The formation of DJs was quantified by counting the percentage of cells that form DJs, and the formation of microextrusions was quantified by counting the number of microextrusions per cells (mean ± SD, n = 3 independent experiments, approximately 30 cells were analyzed in each experiment). **P < 0.01; ***P < 0.001. The cell surface expression levels of EWI2/PGRL were examined with flow cytometry and presented as MFI in the histograms on the left reduced by RhoA inhibitor Rhosin (Fig. 4b) . Consistently, RhoA activator CN03 promoted DJs (Fig. 4c) . We further analyzed the effect of actomyosin activity, which is downstream of RhoA signaling, on DJs. Both Rho kinase inhibitor Y27632 and myosin-II inhibitor blebbistatin markedly suppressed DJs (Fig. 4b ). These observations underline essential roles of RhoA signaling and actomyosin activity in DJ morphogenesis.
We further analyzed the signaling events controlling DJ morphogenesis. First, we examined the growth factorreceptor tyrosine kinase signaling and found that hepatocyte growth factor (HGF) promoted, while MK-2461, an inhibitor of HGF receptor c-Met, reduced DJ formation in Du145 cells (Fig. 5a ). Similar effects were also observed in LnCap cells ( Figure S1A ). Second, given the importance of Src in growth factor-receptor tyrosine kinase signaling, we then examined Src and found that Src kinase inhibitor PP2, but not its control PP3, substantially reduced DJs (Fig. 5b) . Interestingly, invadopodia-like structures were observed in PP2-treated cells. Third, we analyzed the role of MAP kinase, which situates at further downstream of receptor tyrosine kinase signaling, in DJ morphogenesis and found that MEK inhibitors Trametinib and PD98059 markedly reduced DJs in Du145 cells (Fig. 5c) . We also observed similar inhibitory effects in LnCap cells ( Figure S1B ).
Because PI-4 kinase resides in TEMs [5] , we examined PI-4 kinase product PI4P and found that PI4P molecules were localized at DJs in A431 epidermoid cancer cells and colocalized with EWI2/PGRL (Fig. 6a) , which, as a TEM constituent, physically interacts with PI4P [25] . The Fig. 3 How TEMs regulate DJ morphogenesis: roles of cytoskeletons. Du145 cells cultured on glass coverslips were treated with the indicated reagents in serum-free media at 37 °C for 60 or 120 min before they were fixed, permeabilized, incubated with Abs, DAPI, and/ or phalloidin, and examined with confocal microscopy. Quantitative analysis of microextrusion density in DJs (mean ± SE, n = 3 individual experiments). *P < 0.05; **P < 0.01; ***P < 0.001. a Role of the actin cytoskeleton. The cells were treated with actin-disrupting reagents latrunculin B (1 µM) and cytochalasin D (2 µg/ml) and actin polymerization-promoting reagent jasplakinolide (0.2 µM). b Role of microtubules. The cells were treated with microtubule-disruptive reagent nocodazole (20 µM) or microtubule-stabilizing reagent paclitaxel (10 nM). c Role of intermediate filaments. The cells were treated with desmindisruptive reagent withaferin A (5 μM). Scale bars 10 μm presence of PI4P in basal DJs was observed when the cells were removed during washes in the staining process. This finding suggests that PI-4 kinase signaling is involved in DJ morphogenesis. To our surprise, PI-3 kinase inhibitor wortmannin did not significantly alter DJs in both Du145 and LnCap cells (Fig. 6b) , even after 3-h prolonged treatment (data not shown). Moreover, it was previously identified that Src-induced tyrosine phosphorylations of myosin light chain kinase (MLCK) and cortactin may be important for contractility [26] . In accordance with this notion, MLCK inhibitor ML-7 treatment resulted in a 4 How TEMs regulate DJ morphogenesis: signaling of Rho small GTPases. Du145 or LnCap cells cultured on glass coverslips were treated with the indicated reagents in serum-free medium at 37 °C for 60 or 120 min before they were fixed, incubated with Abs, DAPI, and/or phalloidin, and examined with confocal microscopy. Quantitative analysis of microextrusion density in DJs (mean ± SE, n = 3 individual experiments). **P < 0.01; ***P < 0.001. a Roles of (Fig. 6c) .
Then, we investigated putative subcellular events involved in DJ morphogenesis. First, we used CD81 as a marker for DJs and found that DJ formation in PC3 and Du145 cells expressing either Rab5 WT or Rab5 dominant-negative mutant S34N was not significantly altered (data not shown). Second, neither Rab7 WT nor Rab7 dominant-negative mutant T22N changed CD81-positive DJs in these cells (data not shown). These observations suggest that the trafficking of membrane proteins to Rab5 and Rab7 sorting endosomes are not essential for DJ morphogenesis.
Interestingly, tetraspanins, such as CD81 (Fig. 7a , arrows) and CD151 (Fig. 7b, arrows) , were enriched or became aggregated in the middle portion of DJs. Because CD81 proteins were concentrated at the tips of microextrusions (Fig. 7a,   Fig. 5 How TEMs regulate DJ morphogenesis: contributions of growth factor/receptor tyrosine kinase, and MAP kinase signaling. Du145 cells cultured on glass coverslips were treated with following activator or inhibitor in serum-free media at 37 °C for 60 min, unless otherwise indicated, before they were fixed, incubated with CD9 or CD44 mAb, DAPI and phalloidin, and then examined and imaged with confocal microscopy. a Role of HGF and c-Met signaling in DJs. The cells were treated with either HGF (100 ng/ml) after 6- (25 µM) . Quantification of microextrusion density in DJs (mean ± SE, n = 3 individual experiments). ***P < 0.001. Scale bars 10 μm arrowheads), it is likely that tetraspanins or TEMs connect two engaged microextrusions from two adjacent cells to form DJ. Although polymerized actin is not always found in microextrusions and does not always reach the tips of microextrusions [15] (see following), F-actin is typically present in DJs and occasionally makes the end-to-end connection between two opposing microextrusions from adjacent cells (Fig. 7c,  arrows) . We also found that ERM protein moesin, which physically interacts with tetraspanins [22] , was present in a DJ, probably transported from one Du145 cell that expressed moesin to another that did not express moesin (Fig. 7d, arrow) . In this case, the DJ probably serves as (1) a tunneling nanotubule interconnecting these two cells and/or (2) a conduit for transporting membrane molecules between the cells [27, 28] . Similarly, EWI2/PGRL and PI4P were also present in this type of DJ or tunneling nanotubule, which connected two adjacent NIH3T3 cells (Fig. 7d) , and CD151 proteins were present in a tunneling nanotubule between MDCK cells (Movie 1). CD44 proteins are localized in the DJs consisting of nanotubule-like structures between LnCap cells, with their aggregates or clusters along the structures (Fig. 7e) . These DJs did not attach the substratum and were simply connecting the two cells ( Figure  S2) .
We also observed a specific type of DJ, the finger-like microextrusions of which directly contact the bodies of other cells. For example, CD81-capped microextrusions in LnCap cells directly attached to the bodies of other cells (Fig. 7f,  arrowheads) . Some of this engagement occurred in the area immediately near nuclei (Fig. 7f, asterisks) . CD81 proteins appear to be released from the tips of these microextrusions. Similar observations were also made for CD9 (Fig. 7g) . b Role of PI-3 kinase signaling in DJs. Du145 cells cultured on glass coverslips were treated with wortmannin (100 nM) in serumfree medium at 37 °C for 60 min before they were fixed, incubated with CD9 mAb, DAPI, and phalloidin, and examined with confocal microscopy. c Role of MLCK signaling. Du145 cells cultured on glass coverslips were treated with ML-7 (30 µM) in serum-free medium at 37 °C for 60 min before they were fixed, incubated with CD9 or CD44 mAbs, DAPI, and phalloidin, and then examined with confocal microscopy. Quantification of microextrusion density in DJs (mean ± SE, n = 3 individual experiments). ***P < 0.001. Scale bars 10 μm
Presence of tetraspanins and their associated proteins in microextrusions, the building blocks of DJs
To examine whether the link between TEMs and DJs extends beyond the molecules that we experimentally analyzed, we used a bioinformatics approach to predict the TEM components that are associated with microextrusions or microvilli, the structural foundation of DJs. The approach, called Global Microarray Meta-Analysis (GAMMA), identifies highly correlated genes by processing and normalizing public microarray data sets from NCBI's Gene Expression Omnibus (GEO) database and then identifies what the correlated genes have in common within the published literature [29, 30] . Because GAMMA analyzes genes indirectly using a set of highly correlated genes instead of the gene itself, it can be used to predict associations for genes regardless of whether there is literature available on these gene associations. GAMMA's performance has been computationally benchmarked and experimentally validated in several studies to successfully predict phenotypic The cells were fixed, fluorescent and/or immunofluorescent staining was performed, and images were captured with fluorescence microscopy. Arrows: TEM components in DJs or at the joints of two opposing microextrusions. Arrow heads: TEM components at the termini of microextrusions. e Spatial arrangement of DJs. LnCap cells cultured on glass coverslips were fixed and incubated with CD44 mAb and secondary Ab. Confocal images near DJs were acquired as z-stacks comprising sequential optical x-y sections taken at 0.2 μm z-intervals. Scale bar 10 μm. f, g Sticky fingers or unilateral DJs: enrichments of tetraspanin CD81 (f) and CD9 (g) at the microextrusion tips that directly contact other cells. LnCap cells were fixed and co-stained with CD81 or CD9 mAb and phalloidin. Images were captured with confocal microscopy. For f, arrow heads: CD81 clusters at the termini of microextrusions, and asterisks: CD81-capped microextrusions landed at the cell surface areas proximal to nuclei. For g, arrow heads: CD9 clusters at the stems of microextrusions, and asterisks: contacts of CD9-capped microextrusions with the surfaces of other cells. Scale bar 10 μm and genetic associations for uncharacterized or poorly characterized genes [31] [32] [33] [34] [35] [36] [37] . We used GAMMA to predict microvillus-associated genes in general, and found that several tetraspanins, tetraspanin relatives, and their associated proteins are linked to microextrusions/microvilli (Table 1) . Although the readouts vary between these two analyses, both indicate the strong presence of TEMs and enrichment of tetraspanins in microextrusions and support the roles of TEMs in DJ formation and development.
Discussion
DJ defines a common interaction mechanism between cells
The existence of DJs in all of the cells that we had analyzed underlines that DJ is a common, if not general, structure and mechanism for cell-cell interaction and communication, instead of a cell type-or cell line-specific device. When cells approach each other, the microextrusions between cells or DJs engage in initial, dynamic cell-cell interactions. For example, the sperm-egg interaction occurs initially at the microextrusion-enriched region of the egg membrane [38, 39] . DJ could be a transitional contact mechanism between epithelial cells before adherens junctions appear and reinforce the cell-cell contacts [9] [10] [11] . For temporary cell-cell interaction, L-selectin molecules on leukocytes are clustered at the microextrusion-enriched regions of the leukocyte plasma membrane to tether leukocytes onto endothelium [40] . Filopodia bridge/tunneling nanotubules can be considered as another type of temporary or dynamic DJ [41, 42] . In epithelial and endothelial cells, we observed that DJs or intercellular microextrusions can remain persistently interdigitated. Such stable DJs also exist between cancer cells and aggregated platelets [43] . In fibroblasts and cancer cells, we also found that DJs remain as interdigitated microextrusions. Differences in DJs between different cells may reflect the status of cellular differentiation and outcome of cell-cell contacts. Thus, DJs could be either transient cell-cell contact structures or stable junctional organizations, and may evolve to other cell-cell junctions or remain as interdigitated microextrusions.
Besides engaging the initial attachment of leukocytes onto the luminal surface of endothelial cells [44] , DJs also form between stem cells and their niche [45] . Thus, DJs could mediate both homogenous and heterogeneous cell-cell contacts.
From the present study, we conclude that DJs are formed by either reciprocal engagement between microextrusions from two adjacent cells or unilateral tethering between microextrusions of one cell and the body of another cell (Figs. 7, 8) , to mediate adhesion and communication Table 1 Genes predicted to be associated with microvilli by GAMMA (a) shows the tetraspanins related genes predicted to be associated with microvilli by GAMMA in most recent database build (7/10/2016). In cases where an association is already known, the literature strength ("Lit Str") will be greater than zero. This strength is based upon the total number of identified sentence (+ 0.8 strength) and abstract (+ 0.5 strength) co-mentions. (b) is from our first analysis (11/24/2014), which included the term "filopodia" as synonymous with "microvilli", whereby filopodia was approximately 25% of the co-mentions identified. We later decided that filopodia, although related to microvilli, should be its own category. This is, in part, based upon the fact that Gene Ontology sees them as separate entities (microvillus is GO:0005902, filopodia is GO:0030175, and they share the same parent term of "actin-based cell projection", GO:0098858). Thus, (b) could be considered to be microvilli-or filopodia-related. The results are similar, but not identical, primarily for this reason. The more recent version also includes more literature. With the GAMMA predictions, 7 out of 33 tetraspanin transcripts are predicted to be associated with microvilli, while 836 out of 44,236 non-tetraspanin transcripts are predicted to be associated with microvilli. Two-tailed Chi-square analysis with Yates correction gives P < 0.0001 for the significance of difference between the two groups, indicating that tetraspanins are highly enriched in microvilli or microextrusions between cells. In addition, our observations ( Fig. 7 and Movie) underline the likelihood of tunneling nanotubules as a mechanism by which DJs mediate cell-cell communication. In this case, the tetraspanin-capped tips of two opposing microextrusions or memtubs may trigger the plasma membrane fusion, a well-reported TEM function [5, 6] . Another form of DJ-mediated cell-cell communication occurs through the extracellular vesicles released by microextrusions (our unpublished observations). Finally, DJs probably transduce bi-directional signaling between adjacent cells through direct membrane-membrane interactions between microextrusions. In summary, DJs are dynamic cell-cell interactive structures or devices and exist in a variety of cells with different tissue origins. Although DJs may further develop to those well-documented cell-cell junctions (Fig. 1e) , DJs are not tight junctions, adherens junctions, or desmosomes, simply because all of those cell-cell junction mechanisms require very close and extensive cell-cell interfaces and are not intermediated by membrane microextrusions.
Tetraspanins and their associated molecules play regulatory roles in DJ morphogenesis
Earlier studies showed the presence of tetraspanins CD9, CD81, and CD151 at DJs [12, 15, 20, 46] . CD9 and CD82 were previously reported to regulate cell traction and actin cytoskeleton through RhoA-ROCK pathway [47, 48] . Systematic examination from this study revealed the localizations of CD82 and tetraspanin-associated proteins, such as integrin α3β1, EWI2/PGRL, CD44, and moesin, at several types of DJs from a variety of cells. These new findings support that TEMs are closely associated with the morphogenesis and function of DJs. More importantly, we demonstrated that TEMs regulate DJs, either positively or negatively. Since tetraspanins emerged with multi-cellularity during evolution [7, 8] , mediating and regulating cell-cell interactions via DJs is likely to be a primordial function of tetraspanins.
Because membrane microextrusions or memtubs are the structural units of DJs, tetraspanins likely regulate memtubs [14, 15] to affect DJ morphogenesis, probably by modulating (1) the interaction between their associated membrane proteins and cytoskeleton and/or (2) the plasma membrane curvature. For example, probably CD9 promotes, while CD82 inhibits outward curvature of the plasma membrane and, therefore, CD9 promotes, but CD82 inhibits DJ morphogenesis. Considering that DJs mark dynamic contacts between cells and that tetraspanins interact with cadherin, claudin, and IgSF protein [5, 6] , DJs reflect the transition processes before the establishment or after the disassembly of stable cell-cell junctions, such as adherens and tight junctions, and, therefore, serve as a reversible cell-cell adhesion structure for apical-basolateral polarized cells.
The involvement of both cell-matrix and cell-cell adhesions highlights the uniqueness of DJ morphogenesis. Such involvement is supported by (1) the results of GAMMA analysis (Table 1 ) and (2) TEM compositions. Cell-matrix adhesion leads to the morphogenesis and navigation of memtubs [16] , and physical contacts between these memtubs initiate their reciprocal engagement. TEMs contain integrins and IgSF proteins [5, 6] , which typically mediate cell-matrix adhesion and cell-cell adhesion, respectively. Hence, TEMs as a unique platform enable and regulate DJs and memtubs to participate in both cell-matrix and cell-cell adhesions, as well as cell migration (Fig. 8) . Once cells become apical-basolateral polarized by forming various stable cell-cell junctions, cell-cell adhesion molecules are segregated from cell-matrix adhesion molecules to localize at the cell-cell interface. Because migrating cells encounter cells and/ or matrices during navigation, migration devices such as memtubs are required to carry both cell-cell and cell-matrix adhesion molecules to sense and respond to the constantly changing microenvironments.
Our work also revealed that DJs could serve as cell-cell communication devices and that tetraspanins affect cell-cell communication by altering DJs. DJs may mediate cell-cell communication through nanobridges/tunneling nanotubules, trogocytosis, or extracellular vesicles. Hence, we predict that tetraspanins also regulate cell-cell communication through these aspects. DJ could serve as a signaling platform that interfaces two juxtaposed cells. The signals derived from this interface could lead to cellular decisions, such as furthering cell-cell contact versus repulsing each other, continuing proliferation versus exiting the cell cycle, and stopping cell migration versus continually crawling. Thus, DJs likely have multiple functions, and may switch cells between motility and adhesiveness and from sole cell-matrix adhesiveness to integrated cell-cell and cell-matrix adhesiveness.
Our recent findings underline the regulatory roles of tetraspanins in endothelial barrier function [13] (our unpublished data). Involvement of tetraspanins in adhesion zippers [9] also suggests a regulatory role of tetraspanins in epithelial stability. Hence, DJs may serve as a cellular mechanism by which tetraspanins regulate epithelial and endothelial stability.
Molecular events that regulate DJ morphogenesis
Our studies revealed that growth factor receptor-Src-MAP kinase, RhoA-Rock, and myosin-II signaling are needed for proper formation of DJs. Src activates MLCK and MLCK in turn activates myosin-II, while RhoA-Rock signaling inactivates myosin light chain phosphatase and subsequently prevents myosin-II from inactivation [49] . Hence, either Ca ++ -mediated or RhoA-dependent activation of myosin-II can facilitate DJ formation and/or maintenance. Because these events are downstream of integrin signaling [50] , our observations indicate that cell-matrix adhesion and actomyosin activity promote DJ morphogenesis. Our studies also demonstrate that DJs are non-filopodia and non-lamellipodia structures, as perturbations of Cdc42 and Rac activities do not affect DJs morphogenesis and maintenance in the cell lines we tested. Cells still form microextrusions or memtubs upon disruption of actin cytoskeleton. A plausible extrapolation is that actin filament-containing microextrusions or microextrusion portions in DJs engage cell-cell adhesion, while actin filament-free microextrusions or microextrusion portions generate extracellular vesicles for cell-cell communication. Microtubules are not required for the formations of microextrusions and DJs, while the confining role of microtubules in DJ morphogenesis likely results from their antagonistic effect on actin.
Treatment with the cholesterol chelator MβCD appears not to alter the DJ formation in MDCK cells (our unpublished data), suggesting that cholesterol and cholesterolenriched microdomains/lipid rafts are not required for DJ morphogenesis. Given the regulatory role of TEMs, such a difference underpins a distinction between cholesterolenriched microdomains/lipid rafts and TEMs. However, cholesterol is physically and functionally linked to tetraspanins [51] [52] [53] . Because of the intricate interactions and close relationships between lipid rafts and TEMs, the roles of cholesterol and lipid rafts in DJs remain to be examined in future studies.
Materials and methods
Reagents
Cells used in this study include human microvascular endothelial cells (HMECs) (CDC, Atlanta, GA, USA), Du145 and LnCap human prostate cancer (ATCC, Manassas, VA, USA), U87 human glioblastoma (ATCC), and A431 human epidermoid cancer cell lines (ATCC), Du145-Mock and -CD82 stable transfectants [18, 48] , HT1080-Mock and HT1080-CD9 stable transfectants, PC3 human prostate cancer cells (ATCC) in which EWI2/PGRL was transiently silenced with siRNA oligo against the target sequence GUU CUC CUA UGC UGU CUU of EWI2/PGRL or in which control siRNA oligo was transfected [22] , MDCK-GFP:CD82 and -GFP:CD151 stable transfectants expressing the fusion proteins in which eGFP moieties were fused to the N-termini of CD82 and CD151 proteins, respectively, and NIH3T3-EWI2/PGRL transfectant [25] . The EWI2/PGRL or control siRNAs were transfected into PC3 cells with Lipofectamine RNAiMax (Invitrogen, Carlsbad, CA, USA) in Opti-MEM medium (Invitrogen) , and the cells were used for experiments at 48 or 72 h after the transfections. The MDCK stable transfectants were established by flow cytometric sorting and collection of the green fluorescent MDCK cells that are resistant to the G418 (1 mg/mL, Invitrogen) selection after Lipofectamin 2000 (Invitrogen) mediated transfection.
Du145, PC3, HT1080, MDCK, and NIH3T3 cells were cultured in Dulbecco's Modified Eagle Medium (DMEM)
Fluorescent and confocal microscopy
After being cultured on uncoated glass coverslips (Denville Scientific, MA) in complete medium for 2-4 days, cells were fixed with 3% paraformaldehyde, permeabilized with 0.1% Brij98, blocked with 20% goat serum in PBS for 1 h at room temperature, and incubated sequentially with primary mAb and fluorochrome-conjugated secondary Ab. For F-actin staining, cells were incubated with fluorochrome-conjugated phalloidin. The images were acquired with a Zeiss Axiophot fluorescent microscope, a Zeiss 510 confocal microscope, or a Leica SP2 confocal microscope with a Plan-Apochromat 63 × 1.4 NA oil immersion objective, and were analyzed with NIH ImageJ software.
For time-lapse video microscopy, cells were spread on collagen-I (30 μg/mL)-coated glass-bottom dishes (MatTek Corp., Ashland, MA, USA) in serum-free DMEM, stained with CellMask Green Plasma Membrane Stain (Thermo Fisher) according to the manufacturer's manual, and imaged every 10 min with a Leica SP8 microscope with a Plan-Apochromat 63 × 1.4 NA oil immersion objective in a stage-top incubator (Tokai Hit Co., Shizuoka, Japan) in 5% CO 2 and at 37 °C.
Total internal reflection fluorescence (TIRF) microscopy
Cells cultured on laminin 332 (2 μg/mL)-coated glass-bottom dishes (MatTek Corp., Ashland, MA) were fixed with 3% paraformaldehyde and then incubated sequentially with primary Ab and fluorochrome-conjugated secondary Ab. For MDCK transfectants, the cells were fixed and then examined directly. Fluorescence images were acquired on a Zeiss Axiovert 200 M inverted microscope equipped with a TIRF slider under a Zeiss alpha Plan-Apochromat 100x 1.46 NA objective. A 100-nm depth or section was used for acquiring the TIRF images.
GAMMA analysis
GAMMA is an algorithm that uses public microarray data to identify genes that are highly correlated across different experimental conditions [29, 30] . Briefly, the top 40 most correlated genes are used in a kNN (k-nearest neighbors) approach to infer what a gene does via an analysis of what those genes have in common in MEDLINE abstracts (e.g., chemicals, other genes, phenotypes, diseases, ontology categories, etc.). Thus, even when there is no literature to describe a gene or ncRNA, GAMMA can infer associations. It has been used successfully in several studies to test predicted phenotypes and characterize genes for which little or no information was available before the analysis [31] [32] [33] [34] [35] [36] [37] .
Data analysis
All experiments were performed at least three times. Data are presented as mean ± SD or mean ± SE. Statistical analyses were performed with Student's t test or Pearson's Chi-squared (χ 2 ) test. P < 0.05 was considered statistically significant.
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